Introduction
Inverse problems or parameter identification problems arise from the necessity of obtaining parameters of theoretical models in such a way that the models can be used to simulate the behaviour of the system for different operating conditions. The estimation procedure consists in obtaining the model parameters through the minimization of the difference between calculated and experimental values. These problems arise frequently in process engineering with applications in process control, fermentation process, and drying, among others. Traditionally, inverse problems have been treated by two different approaches: the deterministic approach that makes use of the Variational Calculus and the non-deterministic one that it is based on the process of natural selection, i.e., in the genetics of the populations or, alternatively, in purely structural methodologies. The use of the non-deterministic approach is getting increasing attention in the last decade, mainly due to the fact that they do not use derivatives and they can be easily implemented. Besides, non-deterministic approaches are in general more robust than the deterministic ones when dealing with inverse problems. One of the non-deterministic techniques is the so-called Differential Evolution (DE) algorithm, which is considered as a structural approach. It has shown to be a viable alternative for handling realistic problems. Its main characteristics are the following: simple conceptual base and easiness for implementation. According to the literature, a challenging inverse problem has to do with the determination of the parameters of the drying process through a cascading rotary dryer. This equipment is commonly used 2 To whom any correspondence should be addressed. 4 To whom any correspondence should be addressed. to dry particulate material in a range of food and mineral processing industries. The experimental shape of stationary profiles of temperature and humidity for the gas phase and temperature and moisture for the solid phase in a counter-current cascading rotary dryer can be used to test a mathematical model and to find optimal values of heat and mass transfer coefficients.
In the present work, DE is used for estimating the characteristic parameters of the constitutive equations for the drying kinetics and the heat loss coefficient in a rotary dryer pilot plant for which the fertilizer granulates simple super-phosphate (SSPG) is used as wet material. The results are compared with real experimental data, indicating that the proposed approach characterizes a promising methodology for solving inverse problems related to drying. This work is presented as follows. Section 2 presents the general aspects regarding the rotary dryer. In sections 3 and 4 the mathematical formulation of the inverse problem and the approach used are presented, respectively. In section 5 the results obtained are shown and discussed. Finally, the conclusions are outlined in section 6.
The Rotary Dryer
The rotary dryer consists basically of a cylindrical shell inclined at a small angle with respect to the horizontal position. To promote gas-solid contact, the dryer is equipped with lifting flights, placed parallel along the length of the shell, which lift solids and make them rain across the section of the The modeling of drying in this equipment needs constitutive equations, such as drying kinetics and heat loss coefficient equations, among others. These constitutive equations are expressed in terms of a set of parameters that are fitted for each type of material used. For this aim specific time-consuming experiments are necessary. The solution of the model for the simultaneous mass and heat transfer in this dryer are obtained by using a set of Two Point Boundary Value Problem for heat and mass balance that describe the variation of the humidity and temperature of air and the moisture and temperature of the wet solids along the shell. Thus, the development of a computational method for estimating the parameters of the constitutive equations of the model of heat and mass transfer to save time-consuming experimentation in laboratory is an important issue.
Mathematical Description of Rotary Dryer Process
By applying mass and energy balances to both phases in the discrete element of volume shown in figure 2 , a set of differential equations is obtained for describing the profiles of temperature and humidity for the gas phase and temperature and moisture for the solid phase in a counter-current cascading rotary dryer. Gas humidity:
Solid moisture content:
Gas temperature:
Solid temperature:
Boundary Conditions:
The local drying rate is expressed by equation (5):
In this work, the dimensionless moisture (MR) was evaluated by the Page's equation [1] , according to equation (6) . 
where t is available through of relation between the position in the dryer (z) and the solid flowing velocity (v s ):
The sorption isotherm is given by equation (8) and was calculated by using the modified Halsey equation [2] as obtained in laboratory specifically for the material used in this work.
The volumetric heat transfer coefficient is described by equation (9) and the heat loss coefficient by equation (10) . (9) 0.289 0.541
where G f and G s are given by:
1.510
The holdup of solid dry in the dryer is:
The latent heat is given by Equation (14) 
The heat loss is given by a correlation given in Douglas et al. [4] :
More details about the hypotheses used and the development of the model can be found in [5] . 
subjected to the constraint equations (1) to (15) and by the side constraints: -10≤ C 1 , C 2 , C 3 , k P , m P ≤500.
The variables Ω sim and Ω exp are respectively the simulated and experimental values (Ω = [M W Ts T f ]), M max , T smax and T fmax are the maximum experimental values observed, and n represents the number of points (experimental points) used in the estimation procedure. It should be emphasized that due to the difficulty of accurately measuring the gas humidity (W) in the dryer the experimental data of this variable were not used. For the solution of the inverse problem described above, the authors have chosen the Differential Evolution (DE) [6] algorithm to minimize the objective function.
Solution of the Inverse Problem using Differential Evolution
Differential Evolution [6] is an improved version of the Goldberg's Genetic Algorithm (GA) [7] for faster optimization. Unlike simple GA that uses binary coding for representing problem parameters, DE is a simple yet powerful population based, direct search algorithm for globally optimizing functions with real valued parameters and that differs from other evolutionary algorithms in the mutation and recombination phase. According to Storn and Price (1995) , DE has as main advantages the simple structure, easiness of coding, speed and robustness. However, main difficulty with the technique appears to lie in the slowing down of convergence as the region of global minimum and stagnation. Storn and Price [6] gave the basic principles of DE for a single strategy. Later on, they suggested ten different strategies for DE [8] . The crucial idea behind DE is a scheme for generating trial parameter vectors. Basically, DE adds the weighted difference between two population vectors to a third vector. The key parameters of control in DE are: N the population size, CR the crossover constant, and F the perturbation rate or scaling factor. Price and Storn [8] have given some simple rules for choosing key parameters of DE for any given application. Normally, N should be about 5 to 10 times the dimension (number of parameters in a vector) of the problem. As for F, it lies in the range 0.4 to 1.0. Initially F = 0.5 can be tried, then F and/or N is increased if the population converges prematurely. A generic DE algorithm is presented bellow.
Differential Evolution
Initialize , r is a random number between 0 and 1, CR is the probability of crossover, and F is the scaling factor. DE has been successfully applied in various fields. Some of the successful applications of DE include: digital filter design [9] , batch fermentation process [10] , synthesis and optimization of heat integrated distillation system [11] , optimization of robotic systems [12] , solution of multi-objective optimal control problems with index fluctuation applied to fermentation process [13] , multi-objective optimization of mechanical structures [14] , apparent thermal diffusivity estimation of the banana drying [16] , and other applications [15] .
Results and Discussion
In order to evaluate the performance of the DE algorithm we have considered the three test cases listed in table 1. Table 1 . Operating conditions and parameters [5] . Case 1
Constant conditions
The parameters used in DE algorithm are the following: 15 individuals in the population, 250 generations, perturbation rate and crossover probability both equal to 0.8, and DE/rand/1/bin strategy. In the solution of the direct problem 10 collocation points was used. The simulations were performed in a microcomputer PENTIUM IV with 3.2 GHz and 2 GB of RAM. Table 2 presents the results obtained for the two cases by considering 20 executions of the algorithm for obtaining the average values. It is worth mentioning that 3765 objective function evaluations were performed and the calculation time for each set of 20 optimization runs (for averaging) was approximately 14.2 minutes. Figure 3 shows the experimental (exp) and simulated (sim) profiles by considering the best results obtained for each case.
In these figures it is possible to observe a good correspondence between the experimental data and the simulated ones for the case in which the optimal parameters were used.
Conclusions
In the present work, the DE approach yielded good estimates for the parameters of Page's equation and the heat loss coefficient by using experimental data from a realistic rotary dryer. The results presented are very encouraging, and the approach developed for the solution of the inverse problem deserves further investigation regarding its application to more complex systems. 
